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High-voltage direct current (HVDC) transmission is an efficient technology designed to
deliver large amounts of power over long distances. The technology is a key component in
the future energy transmission system based on renewable energy sources.
The DC lines can carry more much power with two conductors than the power trans-
mitted using an AC lines with three conductors of the same size. For the given power level,
a DC line requires simpler and cheaper towers (From economical point of view, already
installed towers for AC system can be used). Also reduced conductor sizes and insulator
can be used. The power transmission losses also will be reduced to about two-thirds of the
comparable AC system. The absence of skin effect with DC is also beneficial in reducing
power losses marginally. Due to its fast controllability, HVDC transmission system has full
control over transmitted power, an ability to enhance transient and dynamic stability in
associated AC networks and can limit fault currents levels in the DC lines.
Copyright 2014, Beni-Suef University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
The control of HVDC has been used since first use of HVDC
transmission. Most of these controllers are presented and
studied on (Yehia Al-Deraby et al., 2013) and the commercial
benefits of HVDC systems is studied in many researches such
(Chen et al., 2004).oo.com (A.Y.M.R. Salama
i-Suef University
sevier
ity. Production and hostiAswan High Dam power station (2400 MW) to Cairo is
now connected via AC system composed of two circuits,
to Egyptian electric power system grid (500 kV,
16,500 MW, 50 Hz) as mentioned on (Egyptian Electricity
Annual Report 2011/2012 and 2012) and shown in Fig. 1. A
proposed DC transmission system as Case Study is used
to transmit the generated power from instead of the AC
system.).
ng by Elsevier B.V. All rights reserved.
Fig. 1 e High Dam/Cairo 500 kV existing AC transmissions.
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tained results by using HVDC interconnection transmission
lines instead of the existing 500 kV-AC-lines beneficial and
more technically advantageous. The proposed HVDC line is
given in Fig. 2.
The reason to consider the High Dam power plant in Egypt
as the Case Study is its far distance from the receiving end
(About 1000 km) as well as one of the biggest hydro power
plant stations for electric power generating in Africa with a
total capacity of 2400 MW. The plant consists of 12 power
hydro turbines and the power is transmitted through two AC
overhead conductors in transmission lines to transmit power
to 500 kV AC Cairo station and second transmission circuit is
kept as it is to allow feed of power to 132 kV ACNagaa Hamady
station in upper Egypt. as mentioned on (Egyptian Electricity
Annual Report 2011/2012 and 2012) and (Egypt energy report,
2011).Fig. 2 e High Dam/Cairo propoThe idea to choose one of the existing high voltage 500 kV
AC transmission line circuits as Case Study to be HVDC
transmission lines is due to the following reasons:
 Egypt plays an important role in the interconnections
between several countries such Arab countries in the
north of African Continental and European countries.
The South and central African countries have a little in-
vestment with Egypt in electrical interconnection pro-
jects, although they have a lot of clean and reliable
electrical power resources. So, the proposal to convert
high Dam/Cairo AC transmission system to HVDC system
shall lead to get easy and safe electric power in-
terconnections with South and central African countries
in the future.
 In large interconnected AC systems such Egyptian electric
power grid, power flow in AC ties can be uncontrolled andsed HVDC transmissions.
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system security. Strategically placing of HVDC lines can
overcome these problems due to the fast controllability of
DC power and to provide much needed damping and
timely overload capability. So by such project, the Egyptian
power system quality will be greatly improved. This
improvement will get commercially benefits with impact
to the full network.
 Enhance Multi Terminals DC (MTDC) Interconnections,
such as in the new future wind energy generation stations.
This recent developments in HVDC still increases the pri-
ority of its application. So, by such project, it is a good
chance to improve the investments on renewable energy
recourses such as wind and solar station projects to be
easily connected to other DC system interconnected sta-
tions (Attya and Hartkopf, 2013)
The proposed DC line shall have two terminals (point-to-
point DC line); the rectifier head station will be connected to
the 500 kV bus at the High Dam generating station and the
inverter head station will be connected to the 500 kV bus at
Cairo as shown in Fig. 3.
The rectifier and the inverter head stations are 12-pulse
converters using two 6-pulse thyristor bridges connected
in series. The rectifier and the inverter head stations are
interconnected in Aswan and Cairo through 940 km over-
head transmission lines with equivalent 0.5 H reactors see
Fig. 4.Fig. 3 e Circuit conversion (The maximum transmitted power through the proposed
HVDC system is designed to be 3000 MW in order to face any
additional generation units that can be installed or added to
Aswan power station in the future. However the maximum
available generation power that nowadays can be transmitted
from the High Dam is 1700 MW only.
The existingACoverhead transmission lineswhichare used
today to transmit power (2400MW, 500Kv, 50Hz) can beused to
transmit theDCpower of (3000MW,500 kV) by using only 2EA
lines and disconnecting the third one. The earthing wire shall
be kept as it is. The existing transmission system tower can be
used without any modification in its structure and shall be
subjected as before to the same value of voltage (500 V DC).
The HVDC High Dam station at Aswan can contain two
converter units. Each unit outputwill be 500 kV DC and 3000 A.
In Table 1, the full project of converting the existing high dam
overhead transmission line from AC to HVDC is summarized.2. Proposed High Dam transmissions using
line commutated converters HVDC
In this Case Study, it is aimed to prepare a charging of the AC
transmission line link between the Aswan High Dam power
station and the Cairo West station to be a DC transmission
link. This proposed conversion will be implemented by using
Line Commutated Converters LCC technology due to the
following reasons:2-terminal DC system).
Fig. 4 e 12-Pulse converters.
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than the cost of conversion using the voltage sourced
converters (VSC) technology as demonstrated in (Akerberg,
2012).
2. The transmission systemwhich already exists is over head
transmission lines which can be used in case of the LCC
technology only. So, there is no extra cost to install new
underground cables.
3. The existing AC transmission consists of two circuits
each composed of three lines. By using the LCC tech-
nology two transmissions conductors only of each circuit
shall be used. One of them is for the positive polarity and
the other for negative. Each terminal has two sets of
converters of equal rating with two separate circuits. It is
to be noted here that by using of VSC technology; only
the existing transmission can allow the feed one circuit
only to be fed.
4. The probability of DC transmissions faults is usually high
due to the long distance between the head station at
Aswan High Dam and the receiving end head station at
Cairo west (940 km). So, it is recommended to use the LCC
technology, because it is very strong if DC line faults occurTable 1 e High Dam e Cairo HVDC system.
Power transmitted, MW 3000
Direct voltage, kV 500 kV
Converters per station 2
Direct voltage per
converter, kV
500
Direct current, A 3000
Reactive power source Capacitors
Converter station location High dam (Aswan)
AC grid voltage 500 kV
Length of overhead DC line 940 km
Grounding of the DC circuit For full current in two ground
electrode stations
AC grids at both ends Synchronous (same frequency)
Control Constant power
Emergency change of
power flow
Manual
Main reason for choosing
HVDC system
Long distance between the
two head stations
Power company Egyptian Power Holding Companyrather than use of the VSC technology as mentioned in
(Yang and Zheng, 2010).
5. Using the LCC technology, the existing towers can be used
without any modification because they shall carry two
overhead lines instead of the existing three lines.
By using the LCC technology, the voltage level required for
the transmission with the available spacing will not change.
The two lines shall be converted to be 500 kV DC.3. Nodal prices of a proposed HVDC link
between High Dam and Cairo West power
stations
In the last two decades, power markets have significantly
restructured in both developed and developing countries.
Power nodal pricing has emerged a powerful and efficient
tool of power network pricing. It also emerged as a key
element of a competitive power market. In the last few
years, the incorporation of subsets of high voltage direct
current transmissions in networks of AC transmission
brought a significant change in the transport of the electric
power both in technical and in commercial aspects in
developing countries as demonstrated in (Ghayeni and
Ghazi, 2010).
Hereafter the following points are considered for proposed
link:
1. The transmission pricing issues in general and nodal
pricing,
2. Formulation of the nodal price of this 500 kV link,
3. Testing of the proposed methodology on Egypt 500 kV bus
system and computation of nodal prices for the existing AC
500 kV transmission network of this link with/without the
proposed High Dam/Cairo HVDC link.
Nodal Pricing is a method of determining prices in which
market clearing prices are calculated for a number of locations
on the transmission grid called nodes. Each node represents
the physical location on the transmission system, where en-
ergy is injected by generators or withdrawn by loads. Price at
each node represents the locational value of energy, which
includes the cost of the energy and the cost of delivering it.
Such this costs of losses and congestions are presented in
(Zhao et al., 2013).3.1. AC System equations
For a n buses system, let P ¼ (P1,...,Pn) and Q ¼ (Q1,...,Qn),
where Pi and Qi represent active and reactive power demands
of bus-i, respectively. The variables in power systemoperation
be X ¼ (X1,..Xm), such as real and imaginary parts of each bus
voltage (or voltage value and its angle). Therefore the opera-
tional problem of an electric power system for given load (P, Q)
can be formulated as optimal power flow problem. Mathe-
matically, an OPF can be formulated as a nonlinear pro-
gramming problem tominimize a scalar objective function for
n e bus system as:
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X
i¼NG
FiðPGiÞ (1)
where, Fi is the cost characteristic of the ith generator; PGi is its
real power output;
NG is representing the generation buses.
The generator, in this formulation is considered to have
cost characteristics represented by:
F ¼
XNG
i¼1
aiPG
2
i þ biPGi þ ci (2)
where,
ai, bi and ci represent the cost coefficient of the ith
generator.
The various constraints that need to be satisfied during
optimization are as follows,
(1) An equality constraint such as power flow balance (i.e.
Kirchhoff’s laws) is represented as:
PG ¼ PD þ PDc þ PL (3)
QG ¼ QD þ QDc þ QL (4)
where,
Suffix D represents the demand, G represents the gener-
ation, DC represents the dc terminal and L represents the
transmission losses.
(2) The capacity or ineequality constraints, i.e. all variables
limits and function limits, such as upper and lower
bounds of transmission lines, generation outputs, sta-
bility and security limits may be represented as:
HðX;P;QÞ  0 (5)(i) The maximum and minimum real and reactive
power outputs of the generating sources are given
by,PGmini  PGi  PGmaxi (6)
QGmini  QGi  QGmaxi (7)
where, PGmini , PG
max
i are the minimum and maximum real
power outputs of the generating sources and QGmini , QG
max
i are
the minimum and maximum reactive power outputs
respectively.(ii) Voltage limits (Min/Max) signals the system bus
voltages to remain within a narrow range. These
limits may be expressed by the following
constraints:Vmini   jVij  Vmaxi ði ¼ 1;. . .;NBÞ (8)
where,
NB represents number of buses.(iii) Power flow limits refer to the transmission line’s
thermal or stability limits capable of transmitting
maximum power represented in terms of
maximum MVA flow through the lines and it is
expressed by the following constraints,Pminf  Pf  Pmaxf ðf ¼ 1;. . . ::;NOELEÞ (9)
where,
NOELE represents number of transmission lines connected
to grid.(iv) Power angle limits of the bus admittance matrix
may be expressed by:qmini  qi  qmaxi ði ¼ 1;. . . ::;NBÞ (10)
The operating condition of the combined ac-dc electric
power system is described by the Vector
X ¼ ½d;V;XC;Xdt (11)
where,
d and V are the vectors of the phases and magnitude of the
phase or bus voltages; Xc is the vector of control variables and
Xd is the vector of dc variables.
3.2. DC system equations
The following relationship is for the dc variables. The average
value of the dc voltage of a converter connected to bus ‘i’ is
given as:
Vdi ¼ aiVicos ai  rCi$Idi (12)
where,
ai is the gating delay angle for the rectifier operation or the
extinction advance angle for inverter operation;
rCi is the commutation resistance.
ai is the converter transformer tap setting.
By assuming a lossless converter, the equation of the dc
voltage is given by
Vdi ¼ aiVi cos 4i (13)
where,
4i¼ (di xi), which 4 is the angle by which the fundamental
line current lags the line-to-neutral source voltage.
The real power flowing into or out of the dc network at
terminal ‘I’ can be expressed as:
Pdi ¼ ViIi cos 4i or Pdi ¼ VdiIdi (14)
The reactive power flow into the dc terminal is given as:
Qdi ¼ ViIisin 4i (15)
Equation (14) and Eq. (15) could be substituted into the Eq.
(3) to form part of the equality constraints. Based on these
simple relationships, the operating condition of the dc system
can be described by the vector:
Xd ¼ ½Vd; Id;a; cos a;4t (16)
The dc currents and voltages are related by the dc network
equations. As in the ac case, a reference bus is specified for
each separate dc system; usually the bus of the voltage con-
trolling dc terminal operating under constant voltage (or
constant angle) control is chosen as the reference bus for that
dc network equation.
Fig. 5 e Egyptian electrical exported and imported energy without proposed DC link.
Table 2 e Real power and fuel cost of generator.
Bus Lower limit
(real power)
MW
Upper limit
(real power)
MW
Generation cost
(US$/MWh)
ai bi ci
High Dam 175 2100 0.22 22.87 11.43
Cairo west 330 660 1.14 57.16 11.43
Kourimate 635 1905 1.14 49.84 11.43
Mousa wells 320 640 1.14 57.16 11.43
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The prices of active and reactive powers at bus ‘i’ are the
Lagrangianmultiplier value of the equality constraints, i.e. the
real and reactive power flow equation of bus i. The Lagrangian
multiplier values are calculated by solving the first order
condition of the Lagrangian, partial derivatives of the
Lagrangian with respect to every variables concerned.
Therefore the Lagrangian function (or system cost) of Eqs.
(1)e(7) defined as,LðX; l; r; P;QÞ ¼ FðX;P;QÞ þ lGðX;P;QÞ þ rHðX; P;QÞ Or L ¼PNG
i¼1
aiPG
2
i þ biPGi þ Ci þ
P
iεLB
lPiðPDi  PGi þ PLiÞ þ
P
iεLB
lPqiðQDi  QGi þ QLiÞ
þP
iεGB
rPli

PGmini  PGi

þ P
iεGB
rPui

PGi  PGmaxi

þP
iεLB
rqli

QGmini  QGi

þ P
iεGB
rqui

QGi  QGmaxi

þPNB
i¼1
rVLi
Vmini  jVijþPNB
i¼1
rVui
jVij  Vmaxi þPNB
i¼1
rqli

qmini  qi

þPNB
i¼1
rqui

qi  qmaxi
þ PNoele
i¼1
rFli

Pmini  Pfi

þ PNoele
i¼1
rFui

Pfi  Pmaxfi

(17)
Table 3 e Demand (pi D jqk) for Egypt 500 kV
bus system.
Bus Demand
High Dam 215.1 þ J 133.3
NageeHamady 1039 þ J 644
Asuit 211.7 þ J 131.2
Samalout 338.8 þ J 210
Cairo 947.3 þ J 587
Cairo west 190 þ J 117.8
Basouse 20 þ J 12.3
Korimate 400 þ J 247.9
Tebeen 262.6 þ J 162.7
Abo Zaabel 49 þ J 30.4
Suez 260.1 þ 161.2
Mousa wells 0 þ J 0
Al-Nakab 211.1 þ J 130.8
Table 4 e Bus voltage for Egypt 500 kV-bus system.
Bus Voltage PU %
Without DC link With DC link
High Dam 100 100
NageeHamady 96.319 95.909
Asuit 96.354 97.712
Samalout 96.739 100
Cairo 99.335 99.619
Cairo west 100 100
Basouse 99.995 99.995
Table 4 e (continued )
Bus Voltage PU %
Without DC link With DC link
Kourimate 100 100
Tebeen 96.845 98.961
Abo Zaabel 97.095 98.977
Suez 98.706 99.296
Mousa wells 100 100
Al-Nakab 99.788 99.788
Table 5 e Nodal prices for Egypt 500 kV-bus system.
Bus Nodal price (US$/MWh)
Without DC link With DC link
High Dam 19.72 14.97
NageeHamady 20.30 15.52
Asuit 19.84 15.07
Samalout 19.92 14.86
Cairo 20.02 14.82
Cairo west 16.09 9.11
Basouse 15.29 7.89
Korimate 15.10 7.66
Tebeen 20.03 14.95
Abo Zaabel 19.94 15.05
Suez 20.16 15.11
Mousa wells 20.16 15.05
Al-Nakab 19.38 14.83
Fig. 6 e Egyptian electrical exported and imported energy with proposed DC link in one circuit of High Dam/Cairo
transmission system.
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Fig. 7 e Bus Voltage for Egypt 500 kV-Bus System with/without DC link.
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is the vector of Lagrange multipliers concerning the equality
(power balance) constraints; r ¼ (r1, ....,rn) are the
Lagrangemultipliers concerning to the inequality constraints.5. Egypt 500 kV-Bus system
The previous nodal pricing methodology can be implemented
on Egypt 500 kV, 13 bus system. This system consists of 4
generating units and 17 transmission lines as shown in Fig. 5.
The estimated dc link connected between High dam bus and
Cairo bus is Illustrated in Fig. 6. The rating voltage of the con-
verter at cited buses is 500 kV AC The upper and lower bounds
(real power) for high dam, Kourimate, Cairo West and Mousa
wells generators are shown in Table 2. Also the voltage values
for all buses are bounded between 0.96 and 1. The fuel cost
function for generators is expressed as shown in the Table 2.
The loadsatvariousbusesareshowninTable3.Byapplyingthe
nodal pricing methodology, the prices of real power with and
without HVDC links are computed and compared as given in
Table 5. Bus voltage levels are improved by incorporating DC
link in AC transmission system. Also Nodal power prices are
considerably reduced with the introduction of this link.
Fi ¼

aiPG
2
i þ biPGi þ Ci

in
 
$
MWh
!
(18)
6. Results and conclusions
Power nodal pricing scheme is implemented for the 500 kV
Egyptian systemwithout considering the proposed HVDC link
between the High Dam station and Cairo West station. The
prices obtained at various buses are high (compare valuegiven in Table 5). Also the nodal prices obtained after add the
cited transmission lines link and by comparison between the
two results, it is found that the power nodal prices are reduced
with the incorporation of DC link in AC system. This is due to
voltage PU value enhancement as it is given in Table 4.
From the technical point of view, the voltage behavior is
shown in Fig. 7 and given in Table 4, it is clear that with the
incorporation of DC link in existing AC system, the voltage
profiles at several buses are relatively improved.r e f e r e n c e s
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